Regardless of its etiology, once septic shock is established, survival rates drop by 7.6% for every hour antibiotic therapy is delayed. The early identification of the cause of infection and prognostic stratification of patients with sepsis are therefore important clinical priorities. Biomarkers are potentially valuable clinical tools in this context, but to date, no single biomarker has been shown to perform adequately. Hence, in an effort to discover novel diagnostic and prognostic markers in sepsis, new genomic approaches have been employed. As a result, a number of small regulatory molecules called microRNAs (miRNAs) have been identified as key regulators of the inflammatory response. Although deregulated miRNA expression is increasingly well described, the pathophysiological roles of these molecules in sepsis have yet to be fully defined. Moreover, non-human miRNAs, including two Kaposi Sarcoma herpesvirus-encoded miRNAs, are implicated in sepsis and may drive enhanced secretion of pro-inflammatory and anti-inflammatory cytokines exacerbating sepsis. A better understanding of the mechanism of action of both cellular and viral miRNAs, and their interactions with immune and inflammatory cascades, may therefore identify novel therapeutic targets in sepsis and make biomarker-guided therapy a realistic prospect.
Introduction
Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response to infection. 1 It is clinically diagnosed by the presence of infection with signs/and symptoms of the systemic inflammatory response syndrome (SIRS). Sepsis is a major cause of death with a total of 18 million people worldwide that develop sepsis every year. 1, 2 In developed countries, the incidence of sepsis is 2% of all hospitalized patients and 6-30% of patients in intensive care units (ICU), 3 while the incidence in developing countries is higher. 4 In the US alone, sepsis is responsible for more than 750 000 deaths in the ICUs, 5, 6 and linked to an estimated annual cost of over $20 billion and increasing. 7, 8 In fact, recent reports have shown that overall mortality from sepsis exceeds that of many common cancers and approaches parity with heart diseases. 7 Despite all these frightening data, the therapeutic options did not address any pathogenic mechanism except the bacterial or fungal infection.
The complex etiology of sepsis can be attributed to both community-acquired and health-care-associated infections in most of the cases with Gram-positive bacteria (e.g., Staphylococcus aureus, Streptococcus pneumoniae), Gram-negative bacteria (e.g., Escherichia coli, Klebsiella species, Pseudomonas aeruginosa) or fungi. 9, 10 Pneumonia, intra-abdominal and urinary tract infections are considered to be some of the most common causes of sepsis. 5, 6, 11, 12 Regardless of the etiology of sepsis, the clinical picture is dominated by a very severe reaction of the immune system with activation of pro-inflammatory cascades and compensatory anti-inflammatory response that phenotypically defines a final common pathway which leads to organ failure and death. Characteristic features of the hyper-inflammatory phase include increased production of pro-inflammatory cytokines, such as IL-1, IL-6, IL-8 and tumor necrosis factor α (TNF-α). By contrast, the compensatory anti-inflammatory response syndrome that characterizes the immunoparalysis phase, involves the production of IL-4, IL-10, IL-13, transforming growth factor-β (TGF-β), granulocyte-colony-stimulating factor and granulocyte-macrophage colony-stimulating factor (GM-CSF), soluble TNF-α receptors and IL-1 receptor antagonists. 13, 14 Blood lymphocyte dysfunction during sepsis has long been recognized with significant lymphopenia and decreased lymphocyte CD4+, CD8+ T cells, natural killer (NK) cells and B cells. 15 Owing to the fact that sepsis presents highly variable clinical manifestations (Figure 1) , it is often difficult to provide an accurate early diagnosis. 6, 16, 17 Late diagnosis and delayed therapy increase mortality considerably. Septic shock decreases the survival rate by 7.6% for every hour of delay of the appropriate antibiotic therapy. 18 Inadequacy in the current understanding of sepsis pathophysiology remains evident by the lack of success in clinical trials for new therapeutic agents. Although there are many published research findings about biomarkers designed to identify sepsis at the earliest stage and about possible treatment strategies, many of them have failed to gain acceptance or be effective in clinical practice. 19 Furthermore, since Eli Lilly voluntarily withdrew drotrecogin alfa (Xigris) from the market due to failure to show a survival benefit, there is currently no FDA approved drug to mitigate the damaging effects of dysregulated inflammation associated with sepsis. 9 Therefore, timely intervention and accurate identification of sepsis are important priorities for both the biomedical research and biopharmaceutical industries. 18 In a recent development, new genomic approaches involving DNA and RNA profiling have also been employed to identify novel classes of molecules such as microRNAs (miRNAs) as regulators of the immune response, with potentially important translational implications in sepsis. 20 miRNAs are small (18-24 nucleotides) non-coding RNAs (ncRNAs), which function is to inhibit protein synthesis by degrading or inhibiting translation of messenger RNA (mRNA). 21 Interaction between the miRNA and the mRNA (miRNA:mRNA) occurs in the 3′-untranslated region (3′-UTR) of the target mRNA. However, miRNAs can also bind to other mRNA domains. As a result of this interaction, both translational repression and mRNA cleavage can occur, and consequently protein expression is suppressed. Each miRNA can regulate multiple gene targets, while multiple miRNAs may target the same protein coding mRNA. Interestingly, miRNAs can also switch between repression and activation of the translation of targeted mRNAs [21] [22] [23] (Figure 2 ). In this comprehensive review we will discuss the most important studies that have identified miRNAs to be differentially expressed in sepsis, in cellular and animal models, and septic patients. 24 We will present possible functional roles of miRNAs in the pathogenesis of sepsis and highlight promising avenues of potential clinical translation. Moreover, we will also summarize the most relevant clinical studies published by now on adult septic patients that correlated cellular and viral miRNAs expression with sepsis (Table 1) , and summarize the mechanisms of actions for the immune miRNAs identified and proposed as sepsis biomarkers ( Table 2) . One of the greatest advantages when designing future diagnostic and therapeutic strategies in sepsis using miRNAs is their ability to target multiple components of the immune response pathways that results in an additive, stronger response. The current finding of the unexpected expression of viral miRNAs in septic patients is intriguing and provides arguments for further investigations of their implication in clinically relevant immunosuppression state in sepsis. 25 If the viral loads are markedly elevated, then it is possible that the viral miRNAs may contribute to the pathology of sepsis. One probable mechanism by which viral miRNAs might be involved in sepsis is by functional mimicry mechanisms with cellular miRNAs produced by the human genome, sharing the regulation of same signaling pathways and regulating the same spectrum of mRNAs -target mimicry.
Cellular miRNAs mediating immune pathways in sepsis
In this subsection, we will first review the molecular and animal research studies that discuss the miRNAs with modified expression in experimentally induced sepsis (e.g., endotoxin tolerance studies), and their potential roles regulating inflammation. The immune response in endotoxin tolerance experiments is considered to be similar to the immune response in septic patients. 26, 27 This can bring further insights on how miRNAs are mechanistically involved in regulating the expression of important targets within the immune signaling pathways. Innate immune cells like monocytes/macrophages, after being exposed to small amounts of endotoxin, become refractory to subsequent endotoxin challenge ('endotoxin tolerance'), which resembles the 'immunosuppression' state in sepsis.
The earliest study on expression profiling of miRNAs in human monocytes identified several miRNAs (e.g., miR-146a/ b, miR-132 and miR-155) that respond to endotoxin exposure. 28 These findings show that immune cells respond to inflammatory insult and that involves miRNA deregulation. Dysregulated miRNAs act on specific immune-regulatory genes, and play key roles in regulating Toll-like receptor (TLR) signaling pathway, which was shown to be upregulated in critically ill patients, 29 and the NF-κB (nuclear factor kappalight-chain-enhancer of activated B cells), which is involved in regulating the transcription of many of the immunomodulatory mediators involved in the development of sepsis-induced organ failure. 30, 31 We will further summarize some of the known key miRNAs playing important roles in the TLR signaling and NF-κB inflammatory response (Figure 3 ). miRNAs such as miR-146a, miR-146b and miR-155 play an important role in regulating the immune response to bacteria by modulating components of NF-κB signaling. 28, 32, 33 MiR-146 regulates TRAF6 and IRAK1, suggesting that miR-146 participates in a negative feedback loop to control NF-κB signaling in monocytes. 34 Lipopolysaccharide (LPS) also increases the expression of miR-155, further targeting the SRC homology-2 domaincontaining inositol 5-phosphatase 1 (SHIP-1), which is itself a negative regulator of NF-κB signaling. 35 These findings have been validated in endotoxin tolerance studies, in which pretreated cells with bacterial LPS develop LPS tolerance, and miR-146 in particular was shown to be involved in TLR4/ MYD88/IRAK1/TRAF6 signaling. 28, 33 TLRs are components of the innate immune system, expressed on macrophages, dendritic cells and various non-professional antigen-presenting cells, and recognize pathogen-associated molecular patterns (PAMPs), expressed by microbial pathogens, or danger-associated molecular patterns (DAMPs) that are released from necrotic or dying cells.
36 TLR4 and other cellular surface receptors on mononuclear cells and neutrophils are dynamically regulated by LPS from Gram-negative bacteria across the different stages of sepsis and once engaged, these molecules stimulate signaling pathways resulting in the activation of downstream gene transcription factors, of which NF-κB is central. 27 Moreover, the intensity of TLR stimulation was shown to have a prognostic value in the most severe patients, because activation of NF-κB has been reported to be higher in nonsurvivors than in survivors from septic shock. 37 It was reported that let-7i miRNA regulates TLR4 expression in an in vitro model of human biliary cryptosporidiosis in H69 cells contributing to epithelial immune response against C. parvum infection. 38 This highlights the importance of miRNA-mediated post-transcriptional pathways in host-cell regulatory responses to microbial infection in general. Other regulators of TLR4 include the miR-200 family members such as miR-200a, miR-200b and miR-200c. 30 The myeloid differentiation primary response 88 (MYD88) is a cytosolic adapter protein that plays a central role in the innate and adaptive immune response. MiR-200b and miR-200c can interrupt TLR signaling by directly targeting the 3′UTR of MYD88, which is an essential signal transducer in the IL1R/ TLR pathway. 24 Interestingly, miR-149 can negatively regulate MYD88 expression upon stimulation with Mycobacterium bovis, 39 whereas overexpression of miR-203 can significantly reduce protein levels rather than mRNA levels of MYD88 in RAW264.7 cells. 40 Another important component of the NF-κB mediated inflammatory response is the IKK complex, which consists of IKK-α, IKK-β and IKK-γ (NEMO) subunits. MiR-15a, miR-16 and miR-223 were found to target the IKK-α gene, and decreased expression of these miRNAs led to an increase in IKK-α levels in human monocytes in vitro when stimulated with GM-CSF. 41 Using target prediction algorithms and subsequent experimental validation, miR-199a and miR-126 were found to share sequence complementarity with the IKK-β and IκBα subunits, respectively. 42 miR-221 was found to target TNF-α promoting its mRNA degradation, while miR-125 and miR-579 were found to target Figure 2 Cellular and viral microRNAs biogenesis. The viral genome is integrated into the human genome to guarantee the preservation of genetic information codifying for viral genes and miRNAs. Cellular and viral long primary miRNA transcripts (pri-miRNAs) are transcribed by RNA polymerase II. Subsequently, the pri-miRNAs are processed by RNase III-type enzyme Drosha to yield a hairpin precursors (pre-miRNA, 70 nucleotides). After the pre-miRNA hairpins are exported to the cytoplasm mediated by exportin 5, the RNase III protein Dicer further processes them into unstable miRNA duplex structures (19-25 nucleotides). 75, 76 Mature miRNAs are either incorporated into a multiple-protein nuclease complex (RNA-induced silencing complex, RISC) to regulate its target mRNAs, or released out of the cells in exosomes, microvesicles or apoptotic bodies, or bond to some high-density lipoprotein (HDL) and Argonaute protein 2 (Ago2). Viral miRNAs are processed in the same fashion as human cellular microRNAs modulating viral and/or host gene expression. Human cells lack the ability to distinguish between viral and human miRNAs sequences TNF-α by reducing its protein levels in LPS-tolerant THP-1 cells. 26 Evidence of direct interaction of miR-125b to the TNFα 3′-UTR was supported by 3′-UTR-TNFα reporter gene experiments in HEK-293 cells. 27 Moreover, ectopic expression of miR-146a/b decreases IL-6 secretion in primary human fibroblast, 43 supporting the role of miRNAs regulating cytokine production contributing to the immune response and consequent pathogenesis in sepsis. In response to proinflammatory storm, the secretion of IL-10 protects cell from damage through JAK2-STAT3, while miR-29a can inhibit IL-10-induced cytokine release. Several miRNAs has been reported to be integrated in the pathophysiology of sepsis by regulating the expression of NF-κB downstream genes involved in the pro-inflammatory signaling (e.g., IL-6, by let- 7i or miR-146a, and TNFα by miR-16, miR-125 or miR-155) and in the anti-inflammatory signaling (e.g., IL-10 by miR-16 or miR-29a) playing an important role in sepsis (see Figure 4) . Although several mRNAs encoding for components of the TLR and NF-κB signaling pathways were found to be targeted by these miRNAs, the clinical implications of the abnormal miRNAs expression in sepsis has to be further investigated.
miRNAs as chemically stable biomarkers in septic patients: the lessons learned from the clinical studies
The study of the circulating microRNAome (defined as the full spectrum of expressed miRNAs) in SIRS and sepsis is consistent with simultaneously increased expression of genes involved in the systemic inflammatory, innate immune and compensatory anti-inflammatory responses. 29 This gene expression pattern is easy to detect in the peripheral blood cells/plasma/serum of septic patients. Although, a non-coding RNA signature for diagnosing sepsis was proposed, there is yet no consensus regarding whether the use of a single miRNAs (validated in several clinical studies) or a whole panel of miRNAs will be of better use in clinical practice. Currently, there are not many ongoing clinical trials to investigate the potential therapeutic role of miRNAs. It is not yet clear if all the miRNA biomarkers proposed for sepsis perform as well or superior to other biomarkers (e.g., lactate, procalcitonin) that Figure 3 Involvement of cellular miRNAs in the signaling pathway of the immune response in sepsis. Cellular immune miRNAs target important components of the NF-κB signaling pathway at different levels regulating the inflammatory response in the pathogenesis of sepsis. Lower part of the figure illustrates the pathophysiological events in sepsis that lead to tissue injury and subsequent multiple organs failure are currently used. Therefore, it is important to evaluate the dimension of these basic research findings and to identify how they can be integrated into current clinical practice.
In comparison with other biomarkers, miRNAs are stable in the circulation. Their association with different RNA-binding proteins and lipoprotein complexes, and their inclusion in microparticles make them resistant to RNAse, severe changes in temperature, repetitive freezing and thawing, and changes in pH. 44 The presence of circulating miRNAs in body fluids is the result of a number of mechanisms: the passive release of miRNAs from cellular fragments/debris after cell death from apoptosis or necrosis, 45 the active shedding of cellderived microvesicles, that include exosomes, 46 and active secretion by cells as protein-bound conjugates. 44 In sepsis, it is not yet clear what cells release the miRNAs in blood samples of septic patients and by which mechanisms miRNAs made their way into the circulation. However, because of their relative small molecular size and lack of post-transcriptional processing, it was hypothesized that miRNAs might be a reliable class of prognostic and targeted biomarkers in sepsis.
A number of studies profiled the miRNAs expression in septic patients and found to be differentially expressed in sepsis versus healthy controls, and in non-survivors versus survivors. miR-146a, miR-150, miR-223, miR-574-5p and other miRNAs expressed in different type of samples (blood cells/plasma/serum) were shown to have a potential role as biomarkers in sepsis as detailed in Table 1 . As with most of the biomarkers, it is expected that miRNAs also have some prognostic values; however, this is not an absolute rule. The first study to examine the clinical utility of circulating miRNAs in septic patients showed that miR-150 expression in leukocytes from healthy control patients was significantly different compared with septic patients, and that levels of miR-150 in serum were correlated with the severity of sepsis as determined by the SOFA (Sequential Organ Failure Assessment) score, an ICU scoring system used to determine the extent of a person's organ function or rate of failure 20 (Table 1) . In a further larger study on serum from critically ill patients (138 with sepsis and 85 without sepsis) and 76 healthy individuals, high expression of miR-150 did correlate with enhanced survival whereas low expression was associated with increased risk of organ dysfunction and mortality. 47 When compared with other biomarkers proposed in sepsis, there were no correlations between miR-150 serum levels and markers of inflammation and bacterial infection, such as C-reactive protein (CRP) or procalcitonin. However, a clear correlation of miR-150 serum levels with serum concentrations of lactate and other classical indicators of hepatic and renal organ failure was identified. In a study published by Wang et al., microarray screens from 12 surviving and 12 nonsurviving sepsis patients showed that only miR-297 and miR-574-5p were significantly differentially expressed between the two groups studied. In fact, after combining miRNA expression in sepsis with SOFA scores, only miR-574-5p was shown to have prognostic utility. 48 Another miRNA with a potential prognostic role is miR-466I, whose expression in leukocytes but not serum, was higher in sepsis non-survivors than those who survived. 49 Upregulation of miR-133a was correlated with the severity of sepsis or bacterial infection markers (e.g., CRP, procalcitonin) and SOFA scores. 50 Using an alternative approach, an miRNA regulatory network using information from various clinical studies, and both experimental and in silico data was built. 51 The authors identified several miRNAs with a diagnostic value Figure 4 Involvement of cellular miRNAs modulating pro-inflammatory cytokines of the immune response involved in sepsis. Several miRNAs have been reported to be integrated in the pathophysiology of sepsis by targeting (promoting or inhibiting) the expression of NF-κB downstream genes involved in the pro-inflammatory signaling (e.g., IL-6, TNF-α) and in the anti-inflammatory signaling (e.g., IL-10) playing an important role in sepsis in sepsis (e.g., miR-15a, miR-16, miR-122, miR-146a, miR--150, miR-223, miR-499-5p) or with some prognostic utility (e.g., miR-193b, miR-483-5p and miR-574-5p). 51 One possible approach in assessing survival rates in sepsis might be better reflected by analyzing the miRNAs that integrate both pro-inflammatory and anti-inflammatory signals in critical illness, rather than by measuring single proteins alone. However, the exact functional mechanisms that allow cellular and viral miRNAs to determine the prognosis of septic patients are presently unclear and remain a matter of debate.
Viral miRNAs have biomarker potential in sepsis
In an extensive study conducted by Walton et al., 52 it was shown that 42% of the septic patients have reactivation of two or more viruses. A number of miRNAs appear to regulate the cross-talk between host tissue and viral pathogens. Viruses such as Kaposi sarcoma herpesvirus (KSHV) and EpsteinBarr virus (EBV) encode for miRNAs that regulate host gene expression promoting their virulence and carcinogenesis. 53 KSHV, human herpesvirus 8 (HHV-8), is central to the pathogenesis of Kaposi sarcoma, primary effusion lymphoma and multicentric Castleman disease, 54 all of which predominantly affect patients with human immunodeficiency virus/ acquired immune deficiency syndrome. 55 KSHV-derived miRNAs were shown to function as regulators of this process by maintaining viral latency and inhibiting viral lytic replication. Sepsis and surgical trauma induces tissue damage that may release host-derived single-stranded RNAs (cellular or viral miRNAs), which may then act as a molecular 'switch', triggering the transition from one phase to another. In our recent study, the profiling of genome-wide miRNA expression in leukocytes from septic patients and non-septic controls identified differences in plasma levels of two KSHV miRNAs, miR-K-10b and miR-K12-12*. 25 Owing to the fact that surgical trauma can also trigger SIRS, when plasma levels of KSHV miRNAs were measured pre-and postoperatively in two nonseptic surgical cohorts, it was showed that surgical trauma increases plasma miR-K12-10b expression. These increases in expression levels of viral miRNAs in surgical patients suggest that surgical trauma may have triggered KSHV reactivation. By now, it is not clear if the increased expression of viral miRNAs is the trigger or the result of immunosuppression in sepsis, but we can hypothesize that reactivation of latent KSHV infection may be a positive feedback mechanism that contributes to the inappropriate inflammatory response associated with fatal sepsis. 25 Some viral miRNAs share perfect 'seed' homology with cellular miRNAs -functional mimicry in sepsis Viral reactivation has been found to occur during the immunosuppression phase of sepsis. 52 This supports the concept that sepsis leads to a functional immunosuppression, which requires more intensive monitoring than is currently done in most of the cases. Reactivated viruses may also contribute to the pathogenesis of sepsis and require active treatment. Viral miRNAs are implicated in sepsis pathogenesis, as it has emerged that HHV-8 or KSHV derived miRNAs contribute to the septic response in humans. Viral miRNAs found to be expressed in septic patients are proved to serve as ligands for TLR8 triggering pro-inflammatory response, in addition to functioning through the canonical mechanism via post-transcriptional repression of target mRNAs. This is supported by RNA immunoprecipitation experiment with Flag-tagged TLR8 that showed increased binding of KSHVmiR-K12-10b and KSHV-miR-K12-12* to TLR8 compared with other miRNAs. 25 KSHV is also strongly associated with both endothelial and B-cell neoplasms. Interestingly, KSHV-miR-K12-11, a viral miRNA constitutively expressed in cell lines derived from KSHV-associated tumors, shares perfect seed sequence homology with the cellular miR-155. 56 Since miR-155 is overexpressed in a number of human tumors, it has been suggested that miR-K12-11 can mimic miR-155 functions and may contribute to cellular transformation in KSHV-associated malignant diseases. Several other KSHV miRNAs were shown to share 'seed' homology with cellular miRNAs, suggesting that they might function as viral analogs of these miRNAs. 57 Viral miRNAs that share the same 'seed homology' are potentially able to regulate the same targets as the cellular miRNA counterparts. More recently, the concept of 'molecular mimicry' has also been explored in the context of viral derived malignancies. EBV induces the expression of miR-146a by the activation of NF-κB in infected cells, resulting in the downregulation of IRAK1 and the inhibition of genes involved in the interferon response. While EBV modulates the expression of NF-κB-induced cytokines by acting on cellular miRNAs (miR--146a and miR-155), KSHV encodes its own miRNAs that regulate the same cellular targets. 55 Understanding the interplay between cellular and viral miRNAs targeting the same components in the same immune pathway ('pathway mimicry') might bring new information about the implication of reactivated viruses on sepsis' outcome ( Figure 3) . Therefore, modulating the expression of miRNAs or mRNAs within the immune signaling pathway in this way may lead to a stronger additive immune response and may be relevant in the design of new therapies.
Cellular and viral miRNAs are direct agonists of TLRs in sepsis
In the context of viral infections, TLR 3, 7, 8, 9 are established as the predominant receptors for virus recognition and have been shown to play a role in KSHV reactivation. 58 It has also been shown that secreted miRNAs regulate gene expression by canonical binding to receptors of the TLR family in immune cells, triggering a TLR-mediated inflammatory response. 59 Fabbri et al. 59, 60 showed that miR-21 and miR-29a trigger a TLR-mediated pro-metastatic inflammatory response by binding as ligands to TLR family leading to tumor growth and metastasis, regulating tumor microenvironment. More recently, it was shown that neuroblastoma cells release miR-21 in exosomes and transfer this miRNA to surrounding tumor-associated macrophages (TAMs) expressing TLR8. MiR-21 binding to TLR8 triggers NK-kB activation in TAMs and their secretion of miR-155 in exosomes that is transferred back to neuroblastoma cells, where miR-155 increases drug resistance by targeting TERF1, an inhibitor of telomerase activity. 61 In a recently published work, it was shown that two KSHV miRNAs, miR-K12-10b and miR-K12-12*, are direct agonists of TLR8. 25 Furthermore, both KSHV miRNAs were increased on first postoperative day, but returned to baseline on after one week. 25 When evaluated the functional effect of these two KSHV miRNAs on cytokine production there was sustained increased secretion of IL-6 and IL-10 over time when compared with sham-transfected controls. Furthermore, these miRNAs appeared to cooperate in the induction of cytokine release upon exposure to LPS. Cellular and KSHV miRNAs were found to be differentially expressed in sepsis and in early postsurgical patients. Increased miR-K-10b and miR-K12-12* are functionally involved in sepsis as direct agonists of TLR8, leading to cytokine deregulation and participating in sepsis' pathogenesis. 25 Further extensive experimental and clinical studies are required to validate their diagnostic and therapeutic purposes. Furthermore, additional work is needed to prove the direct involvement of viral KSHV miRNAs targeting TLR in sepsis mortality.
miRNAs as diagnostic and prognostic biomarkers for SIRS and sepsis miRNAs have been used to identify a putative 'diagnostic signature' that can distinguish between SIRS and sepsis. SIRS and sepsis are both potentially fatal conditions that may culminate in a whole-body inflammatory state leading to multiple organ dysfunction syndrome and death. 45 While SIRS is frequently associated with non-infective pathology such as pancreatitis, trauma, drug and immunologic reactions, sepsis is triggered by microbial pathogens. Crucially, at the time of diagnosis, a primary infectious cause of an SIRS response may not be evident, but the differentiation of sepsis from noninfective SIRS is a priority as antimicrobial agents have to be administered in a timely and effective manner.
In a recent study, low serum expression of miR-146a and miR-223 distinguished patients with sepsis from those with SIRS (ROC curve analysis: AUC = 0.858 and 0.804, respectively). 62 Furthermore, a study of 214 sepsis patients found that a combination of four miRNA markers in serum (miR-15a, miR-16, miR-193* and miR-483-5p) alongside clinical prognostication scores predicted 28 days survival rate with a sensitivity of 88.5% and a specificity of 90.4%. 63 Two novel miRNAs, namely miR-342-3p and miR-3173-5p, were also decreased significantly in septic patients when compared to SIRS. 64 Among several miRNAs that seem to be upregulated in sepsis patients, miR-4772 family is significantly upregulated in sepsis as opposed to healthy control subjects and SIRS patients. It has also been noted that miR-143 levels are elevated in patients with sepsis as opposed to SIRS or healthy control subjects, with high correlation to SOFA (≥7) and APACHE II (≥10) scores. 65 One study noted that miR-21-3p was significantly upregulated in plasma of septic patients and in heart tissue of mice with LPS-induced sepsis. 66 Another study found that miR-23a-5p is upregulated in septic patients and in LPS-induced acute respiratory distress syndrome, which is a complication of sepsis that leads to death. 67 These miRNAs could be a prognostic marker as well as a biomarker for sepsis.
To date, no miRNAs or combinations of miRNAs have been identified with clear diagnostic and prognostic utility. Some candidates including miR-150 and miR-146a, however, have been identified in several studies making them highly promising (there were at least two individual studies on the same type of biological sample, but on different number of patients that reported the same levels of expression). Unfortunately, most of the studies published by now, as summarized in Table 1 , are designed to compare septic patients with healthy controls and not with SIRS patients, which would make miRNAs more trustable biomarkers in detecting early sepsis. Further work is required before introducing miRNAs as sepsis biomarkers in clinical practice.
Rationale for using miRNA therapeutics in sepsis Therapeutic strategies, which employ miRNA mimics or antisense-RNA inhibitors, may represent a valid option for the treatment of certain patients with sepsis in the near future. 68 However, the selection of target genes, the optimal design of therapeutic molecules and drug delivery systems remain major challenges. [69] [70] [71] [72] Several companies are developing new approaches to target miRNAs, notably with antagomirs and locked nucleic acid miRNA inhibitors, with the aim of suppressing target mRNA expression. 68 However, the only clinical trials currently being undertaken are designed to identify the diagnostic and predictive value of circulating microRNAs during sepsis (ClinicalTrials.gov Identifier: NCT00862290, NCT01207531, NCT01459822) and not the efficacy of RNA inhibition based therapy. There are some studies that point to possible miRNA targets for treatment. In one experiment it was identified that miR-195 is upregulated in the liver and lungs of mice with LPS-induced sepsis. 73 Silencing this gene reduced apoptosis and increased sepsis survival rates in the mice. Thus, inhibiting upregulated miRNAs could be an avenue of treatment, depending on the miRNA molecule and its role in the disease. Preclinical and clinical data support the idea that targeting genes involved in the innate immune response might restrict inappropriate inflammation and prevent uncontrolled sepsis. Putative candidates to regulate these targets include miR-146, which targets TRAF6 and IRAK1, in the TLR signaling pathway, or miR-155, which targets SHIP-1 in the phosphoinositide 3 kinase pathway. 74 New concept: antiviral miRNAs therapy in sepsis Cellular and viral miRNAs, as it was shown, are implicated in sepsis by regulating the inflammatory and anti-inflammatory cytokine storm. Thus, the design of new therapies that will target these miRNAs might represent a new avenue in sepsis treatment. Furthermore, we propose that the next step in early treatment of sepsis will be to use candidate miRNAs (both viral and cellular transcripts) with clear pathogenic function as new therapeutic targets, by infusing the mimics or antagonists (antagomirs) in established and clinically relevant models of sepsis. For sepsis patients, timely diagnosis and early treatment are important factors when it comes to improving the prognosis. While the functions and the clinical value of the cellular miRNAs are still under investigation, the viral miRNAs identified as sepsis biomarkers are new in the field and their roles are not yet completely understood. Therefore, targeting genes regulated by these miRNAs may represent potential new therapeutic avenues in sepsis patients.
Summary discussion
The increasing research findings supporting the important role of miRNAs in the immune system strongly suggest their contribution to host immunity in response to pathogens (e.g., viruses, bacteria) and to inflammatory disease pathogenesis. Several miRNAs have been shown to be abnormally expressed in septic patients and some of them were correlated with a decreased survival, supporting their possible use as targetable biomarkers for early diagnosis and prognosis of sepsis. However, an outstanding question to answer is which is the underlying mechanistic role of viral miRNAs in the immune regulation during sepsis. One of the new scenarios that emerged is that during sepsis or immunosuppression triggered by surgical trauma, a latent subclinical virus is reactivated contributing to sepsis' mortality and morbidity rates by interfering with normal immune response pathway. However, larger patient cohorts and other laboratory tests for detecting viral infection, such as seropositivity, need to be used to further confirm these findings.
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